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Abstract
The Decorah Formation is a marine shale of Middle Ordovician age, overlain by an upper
carbonate aquifer, that is contaminated with nitrate. The shale may contain electron donors for
denitrification in the forms of organic carbon and sulfur minerals.
Three shallow monitoring wells were installed and sampled, and sediment samples
collected and analyzed to determine if denitrification is occurring within the Decorah Formation.
This study showed that electron donors were present, but in low abundance, suggesting that
denitrification is occurring but does not play a significant role in the removal of nitrates at this
site.

Introduction
The Decorah Formation (Middle Ordovician) is a marine shale, a lithology that has
shown the potential to remove nitrates (denitrification) from groundwater (Bohlke, Bruce,
McMahon, 1996, 1999). If denitrification is occurring, the Decorah Formation is removing
nitrates from the overlying carbonate Galena Group aquifer.
The overlying carbonate unit in this area produces groundwater that naturally has been
dominated by calcium, magnesium and carbonate ions. This is a result of the dissolution of
limestone and dolomite which is a dominant chemical reaction affecting the groundwater. In
areas where till covers the overlying carbonate group, concentrations of sodium and potassium
are greater than in areas not covered in till, and concentrations of calcium, magnesium and
bicarbonate ions are less in till-covered areas than in those areas not covered in till (Kanivetsky,
1986). Since the 1960s, forms of nitrogen have been added to the biogeochemical cycle,
primarily through the introduction of fertilizers. Nationally, an approximate twenty-fold increase
in nitrogen fertilizer use was observed between 1945 and 1985. Usage peaked in 1981, declined
between 1981 and 1983, but then increased again so by 1985 usage was comparable to the 1981
values (Alexander, 1990).
The chief source of nitrate in groundwater is the extensive use of nitrate fertilizer in
agricultural applications (Appelo, Postma, 1993). The extensive use of fertilizer is of concern
because of nitrate's negative health affects when in drinking water. Additionally, ecological
impacts include changes in the natural chemical makeup of soils and eutrophication of water
bodies. For example, high levels of nitrate-nitrite in drinking water(> I Oppm) have been linked
to methaemoglobenemia in infants, a disorder where the hemoglobin molecule is altered in a
manner that prevents it from carrying oxygen in the body. The high pH level of infants'
stomachs tends to allow for the proliferation of bacteria, resulting in increased transformation of
nitrate to nitrite. Once in the blood, nitrite oxidizes iron in the hemoglobin ofred blood cells to
form methaemoglobin which lacks hemoglobin's oxygen-carrying ability (Umbreit, 2007;
Hegesh, Shiloh, 1982; Briguglio, Brunato, Garziera, 2003).
Understanding the mechanisms surrounding nitrate removal (denitrification) in the
Decorah Formation is vital to preventing harmful ecological effects, negative health impacts and
ultimately, financial losses. Denitrification is the reduction of nitrate to N2 by bacteria through a
complicated pathway involving intermediates like nitrite. Simplified, this path is N0 3- 7 N0 2-
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In the denitrification process, the oxygen that is part of the nitrate molecule gains
electrons if electron donors are present in the natural system. In the case of this study, electron
donors could be present in the groundwater or the sediments. The processes of reduction or
oxidation impact the distribution of chemical species in groundwater and consequently play a
role in how pollutants, such as nitrates, behave in an aquifer (Appelo, Postma, 1993).
In situ denitrification is important because it is the only means for nitrate removal in an
aquifer. Because nitrate is soluble in aquifer conditions, it will not form minerals that could
precipitate or significantly be adsorbed under aquifer conditions (Appelo, Postma, 1993). It is
common in groundwater that the reactions between nitrate and the dissolved chemical
components in the groundwater that can accept electrons are insufficient for denitrification. This
is because the ability of these dissolved chemical components to accept electrons, such that
nitrate is reduced, is far outweighed by the concentration of nitrate in the contaminated aquifer.
For substantial nitrate reduction in aquifers, adequate reduction potential is necessary within the
sediments. Examples of solid phases common in aquifers, which thermodynamically may reduce
nitrate, are organic matter, pyrite and Fe(Il)-silicates (Boesen, Kristiansen, Larsen, Postma,
1991 ).
The Problem
The Decorah Formation lies between the overlying carbonate aquifer and the underlying
St. Peter-Prairie du Chien-Jordan aquifer. The higher concentrations of nitrate found in the
overlying carbonate aquifer are not found in the St. Peter-Prairie du Chien-Jordan aquifer (See
Figure 1). The Decorah Formation acts as an aquitard separating these layers. Most silt- and
clay-rich sediments have a small but significant value of electron donors in the form of sulfur.
Even 0.01 % to 0.6% weight of sulfur is sufficient to protect an aquifer from N0 3 - contamination
when the aquifer is overlain by several meters or more of unweathered, confining silt- and clayrich sediments (Robertson, 1996). This study checks for the presence of sulfur in the Decorah
Formation.

The overall reaction of nitrate to N2 is described by 2N0 3-+12W+I0e-7 N2 +6H 2 0. In
aquifers where the sediments contain reactive reducing substrates such as organic carbon,
inorganic sulfide and organic sulfur, denitrification of the groundwater has been established as an
important mechanism for N0 3- removal (Bohlke, Delin, Landon, Tuttle, Wanty, 2002). In the
process of denitrification, bacteria use N0 3- as a terminal electron (e") acceptor in the metabolic
processes (Korom, 1992).
The hypothesis: denitrification is occurring in the Decorah Formation. This hypothesis
was tested by analyzing sediment samples and groundwater from the study site for evidence of
denitrification. Evidence might include the presence of electron donors such as organic carbon
and sulfur (inorganic sulfide or organic sulfur) in the sediment samples. The evidence would
also include low concentrations ofN0 3- in the water samples, but only if higher concentrations
were found upstream. Additionally, the evidence might include concentrations of so/- in the
groundwater.
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Potential electron donors can be found in both groundwater and aquifer sediments
(Boesen, Kristiansen, Larsen, Postma, 1991 ). In this study, only sediments, not groundwater,
were analyzed for electron donors. The groundwater was analyzed for concentrations of
chemical species that might indicate denitrification has taken place.
By examining the chemical properties of the Decorah Formation, it can be established
whether shale or clay of the Decorah Formation could function as an electron donor. The
presence of organic carbon, inorganic sulfide and organic sulfur will suggest whether the
Decorah Formation could act as an electron donor for denitrification.
Additionally, water quality along a stream that flows across a Decorah Formation outcrop
at the study site that was examined as a second line of independent evidence may support the
hypothesis: denitrification is occurring in the Decorah Formation. The concentration of water
constituents (bromide, chlorine, sulfate and nitrate) were determined to look for evidence of
denitrification from two shallow monitoring wells placed along an outcrop of the Decorah
Formation and from a stream that transects the outcropping bedrock (See Figure 2). If the stream
is gaining groundwater, decreasing nitrate concentrations will serve as evidence of
denitrification. The high concentration of nitrate would be found upstream where the stream is
fed by the upper aquifer. Downstream, the stream is fed by water that has flowed through the
Decorah Formation and subsequently water whose source is the St. Peter-Prairie du ChienJordan aquifer. One known flaw with this assumption is that recharge is occurring downslope of
the Decorah-Platteville-Glenwood confining unit; the stream is losing water here, rather than
gaining groundwater. Despite this flaw, it is possible that the nitrate concentrations in the stream
decrease as the stream flows downstream.

Previous Research
Countless studies have indicated that in formations with organic carbon, sulfur and iron,
denitrification of groundwater can occur (Duff, Howes, Smith, 1988; Gillham, Starr, 1993),
(Bottcher, Kolle, Strebel, 1985; Boesen, Kristiansen, Larsen, Postma, 1991; Robertson, 1996).
In 1991, Boesen, Kristiansen, Larsen and Postma reported in their study of nitrate
reduction in an unconfined sandy aquifer that the aquifer sediments had possible electron donors
in the form of coal fragments and small amounts of pyrite (Boesen, Kristiansen, Larsen, Postma,
1991). Work such as that by Obermann in 1982 has confirmed nitrate reduction by organic
matter oxidation can be significant in aquifers. The overall reaction can be written as
5CH20 + 4N03- 7 2N2+4HC03-+C02+3H20 (Obermann 1982; Appelo, Postma 1993).
Research such as that by Bottcher, Kolle and Strebel in I 985 has shown that nitrate
reduction coupled with pyrite oxidation occurs in aquifers. During nitrate reduction, both Fe(II)
and sulfur are oxidized as described by these reactions:
5FeS 2+ 14N03+4H+ 77N2+5Fe2++10S0/-+2H20 and
10Fe2++2N03-+l4H20 7 lOFeOOH+N2+l8H+.
If electron acceptors are present in the form of both oxygen and nitrate, pyrite may be
oxidized in a complex manner. Pyrite is partly oxidized by oxidation-producing Fe 2+ solutions
which can then be utilized for nitrate reduction (Boesen, Kristiansen, Larsen, Postma, 1991).
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Though the overlying aquifer in this study site is marine in origin, perhaps the statement
by Bohlke, Bruce and McMahon still can be applied. They stated that the presence ofN0 3-enriched alluvial groundwater overlying organic carbon- and sulfide-enriched shales indicates a
potential for denitrification in the shale to act as a sink for N0 3- in the alluvial aquifer (Bohlke,
Bruce, McMahon, 1996, 1999). The extent of nitrate reduction in aquifers, however, depends on
both the hydrogeological conditions and the availability of electron donors (Boesen, Kristiansen,
Larsen, Postma, 1991).
Description of Study Site
The study site is in the N.E. 1/4 of section 25, township 107N, range 14W, Northern
Heights Park in Rochester, Minnesota (See Figure 3). The site consists of two parcels ofland
managed by the Rochester Parks and Recreation Department. The outcropping bedrock at this
site includes the St. Peter Formation, Decorah Formation and Galena-Maquoketa Formation.
The study location is approximately 50 acres in size of lowland and deciduous forest surrounded
by developed area. About half of the soil is silty clay loam (USDA-NRCS Soil Survey Staff,
2008). The average rainfall during the weeks of sample collection was 2 to 4 inches; and the
average temperature was between 48 and 71 degrees Fahrenheit (F).
Geology
In order to more completely understand the significance of the hypothesis and related
findings, knowledge of the mineralogy and hydrogeology is valuable.
Mineralogy
No specific data was collected at the study site for mineralogical analysis. Secondary
sources provided information about the mineralogy of the Decorah Formation outside of the
study site. A report in 1919 about the clays and shale of Minnesota focuses on their potential
industrial use, and mentions the Decorah Formation. Information about the mineralogy of the
Decorah Formation can be gleaned from this report which was originally written for persons
interested in the industrial usage (i.e. making bricks)." ... The shales (of the Decorah Formation)
are green but weather brown from original pyrite. Fossils are numerous." "In many outcrops,
this shale (portions of the Decorah Formation) contains so much organic matter that careless
burning of it will result in 'black cores.' Care must be used to attain complete oxidation. Even if
oxidation is long continued and thorough, gases are evolved at high temperatures (probably from
the reactions of sulphur and iron) which cause swelling and deformation. These can be avoided
by careful control of the burning" (Grout, Soper, 1919).

Additionally, work by F.F. Grout found the distribution of grain sizes in the Decorah
Shale sample collected from a location in West St. Paul, Minnesota. He determined that fine
clay accounts for 37.8%, coarse clay 13.2%, silt 46.8%, fine sand 1.5% and coarse sand 0.7% of
the grain sizes. The distribution of grain sizes is illustrated in Figure 4.
Hydro geology
The Decorah Formation has a vertical hydraulic conductivity and horizontal hydraulic
conductivity that varies by locality, but is on the order of 10-5-10-4 feet per day (Del in, 1990).
While it would be inaccurate to assume a single value for horizontal and vertical hydraulic
conductivity for the entirety of any formation, no value for the study site was available. It is,
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however, appropriate to assume that the hydraulic conductivities found in previous research and
at the study site are of the same order of magnitude. Below the Decorah Formation are the
Platteville Formation and the Glenwood Formation. The recharge downslope of the DecorahPlatteville-Glenwood confining unit to the underlying St. Peter-Prairie du Chien-Jordan aquifer
has been modeled to be 23.75 inches per year. The highest rates of areal recharge to the St.
Peter-Prairie du Chien-Jordan aquifer occur along the edge of the overlying Decorah-PlattevilleGlenwood confining unit. The primary source of water to the zone of increased recharge along
the edge of the confining unit is the upper carbonate aquifer (Lindgren, 1990, 1997, 2001 ). In
the area of the study, the water table is within 5 feet of the surface. Because the site is in close
proximity to a stream, water is expected to be near the surface.
Methods
Mapping and Installation
Field methods included the following steps:
1) A stream running through the site was mapped using an E-Trek Global Positioning System
(GPS), a digital mapping and navigation device. The path was discontinuous and locational error
was up to 75 feet. Locational inaccuracies may have resulted from the site's dense vegetation.
During mapping of the stream, characteristics of the stream bed, stream banks and surrounding
soil were observed and areas that appeared most accessible for sampling sites were noted. The
path was transferred from the GPS to a computer and mapped using ESRl ArcGIS software,
allowing for the creation of a composite image of an aerial photograph, geologic bedrock data
and the stream path. This composite image aided in choosing suitable sampling sites that
paralleled the stream and which were located on the Decorah Formation.
2) Three I-inch diameter monitoring wells were installed at three locations along a stream. The
depths of these wells varied with the deepest approaching 5 feet. The wells were installed by
hand-digging using a 3 Y..-inch diameter steel bucket auger.
3) Sediment samples were taken from the bottoms of these holes (described further in the
sediment sampling section).
4) Wells were constructed using I-inch PVC pipe each with an 18-inch piece of "IO slot" PVC
screen capped on the bottom. A slot was placed at the top of each pipe and over it a removable
cap was placed. To ensure equal pressure inside and outside of each pipe, the cap did not
obstruct the entire slot.
5) One to 2 inches of pea gravel was packed in the bottoms of each hole before introducing a
well into each. Pea gravel was placed into each hole to cover the well screen followed by an
additional 6 to 12 inches of gravel placed above the screen. Each pipe was tapped to encourage
the pea gravel to settle and to prevent •bridging.'
6) One to 2 feet of factory-created bentonite chips were placed in each hole and approximately 2
cups of water from the adjacent stream were poured on top of the chips. The space around each
pipe was then back.filled up to the ground surface with adjacent native materials.
7) Two weeks after installation, the wells were purged of water. No water was present in the
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"low" well throughout the duration of the study and therefore none was collected or analyzed
from it.

Sediment Sampling
Disturbed sediment cores were obtained from two of the three monitoring wells using a
bucket auger with a cutting diameter of 3 V,i inches. These sediment core samples were taken
from the bottoms of each boring. Samples were placed in labeled gallon Ziploc© bags and,
within two hours of collection, were placed in storage and held at 41 degrees F. After 45 days,
samples were transferred to a freezer and held at 32 degrees F or below.
Two additional sediments were collected at a location near Wangs, Minnesota where the
outcropping of the Decorah Formation has been verified by published literature. Sediments from
a verified outcrop were collected for support and/or comparison to samples from the study site.

Sediment Analysis
Sediments were analyzed for: organic carbon, inorganic sulfide and organic sulfur
content. Organic carbon content was determined using a high-temperature combustion method
described by Churcher and Dickout (1987). A TOC-Vcsn with SSM-5000A, manufactured by
SHIMADZU was used to analyze the organic carbon. The detection limit for organic carbon was
0.05% wt., where organic carbon was found by the following equation: organic carbon = total
carbon - inorganic carbon. Inorganic sulfide was determined using the chromium reduction
method (Berner, Canfield, Raiswell, Reaves, Westrich, 1986). The detection limit for inorganic
sulfide was 0.01 % wt. as sulfur. Organic sulfur was determined using a LECO SC-432 DR
Sulfur Analyzer and performed on the residual sediments from the inorganic sulfide analysis.
Note that because the sediment samples were the residual sediments from inorganic sulfide, the
only sulfur present during this analysis was organic sulfur. The filtered residual sediments from
the inorganic sulfide analysis were washed with deionized water until the acid was no longer
present. The samples were dried in an oven at 105 degrees Celsius (C) over night, cooled and
weighed. Each sample was placed in a pure oxygen combustion chamber at 600 degrees C. As a
result, the organic sulfur in the sediments was converted to S02. When moisture was removed, a
sensor detected the concentration of S02 as a percentage. The organic sulfur was twice analyzed
with a set of uniform standards. The detection limit for organic sulfur was 0.01 % wt. as sulfur.
Water Sampling
The first sampling set occurred August 18, 2008 as follows: water samples were
removed from the wells for analysis using plastic tubing and a pump. Water was withdrawn by
placing a tube down each well and pumping water into a I-liter flask. The water was next forced
through a 0.45µm silver filter via suction and placed into a labeled sample bottle for storage.
The bottles were placed on ice and within four hours of sampling were placed in a refrigerator
and held at 41 degrees F. Stream samples were taken by dipping sample bottles in the stream
and holding them at the approximate mid-depth of the stream. Samples were collected
downstream, then midstream, then upstream to reduce disturbance caused by sampling. Stream
samples were forced through a 0.45µm silver filter via suction and placed into a labeled sample
bottle for storage. The bottles were placed on ice and within four hours of sampling, samples
were placed in a refrigerator and held at 41 degrees F. The second sampling occurred on
October 18, 2008 and followed the identical procedures used for the first sampling, except that
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within four hours of sampling, the samples were placed in a freezer and held at 32 degrees F.
Water Analysis
Water samples from the two wells and from the stream were analyzed for nitrogennitrate, chlorine, bromide and sulfate. The water samples were analyzed using a Dionex DX-120
Ion Chromatograph with AS50 Autosampler.

Results
Sediment Results
The "Sl" middle well sediment sample had 0.101% weight (wt.) organic carbon, 0.01%
wt. sulfur as inorganic sulfide, and sulfur as organic sulfur was below detection of <0.003% wt.
The "S2" high well sediment sample had 0.366% wt. organic carbon, 0.06% wt. sulfur as
inorganic sulfide, and sulfur as organic sulfur was below detection of <0.003% wt.
The "SA" Wangs sediment sample had 0.140% wt. organic carbon, 0.006% wt. sulfur as
inorganic sulfide, and sulfur as organic sulfur was below detection of <0.003% wt.
The "SC" Wangs sediment sample had 0.130% wt. organic carbon, 0.006% wt. sulfur as
inorganic sulfide, and sulfur as organic sulfur was below detection of <0.003% wt.
The two samples from the study site had different organic carbon values. The high well
had 0.265% wt. more organic carbon than the middle well. This difference may indicate that
organic carbon is an important electron donor for denitrification at this site, however, this
difference is not conclusive evidence that denitrification is occurring. It simply implies that
denitrification could occur because organic carbon is present, even if in small amounts. The
organic carbon values for the middle well from the study and the sediment samples collected
from Wangs were comparably similar. The organic carbon value for the high well was not
similar to the other wells from the study, nor was it similar to the two samples collected from
Wangs.
Sulfur as inorganic sulfide was found to be 0.006% wt. for both Wangs samples. Sulfur
as inorganic sulfide at the study site was found to be 0.01 % wt. at the middle well and 0.06% wt.
for the high well. The values from the study site are greater than those found in the Wangs
samples. Although Robertson suggests values as low as 0.1 % wt. sulfur present in sediments
above an aquifer can provide protection from nitrate contamination, the values found by this
study were not significant enough to strongly suggest denitrification. Sulfur as organic sulfur
was below detection, <0.003% wt. for all samples. In this study, the form of sulfur was not
established.
The results of the sediment analysis are presented in table format in Figure 5.
In comparison to other studies of groundwater denitrification, the percentage weight of electron
donors in this study are small. For example, the Elk Valley Aquifer of east-central North Dakota
has organic carbon --0.4% and pyrite as S --0.4% within its sediments (Salinas-Klapperich,
2008).
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Water Results
Nitrate
The nitrate concentration was outside of the calibrated curve for water samples taken
from the wells. Also, one sample ("Sample B") from the run-off pond fell below the calibration
curve. Even so, nitrate was still detected. Water samples from the wells had nitrate
concentrations ranging from O. l 4ppm to 0.19ppm. These values may be unreliable, however,
because they are below the calibrated detection curve.
No definite trends were apparent in the water chemistry. Even so, it can be said that the
lowest values of nitrate-nitrogen were found in the wells and that these values were about ten
times smaller than the values found in the stream. If denitrification is occurring, it would be
evident if nitrate concentrations decreased as the stream flowed downstream assuming that: a)
the stream is a gaining stream; and b) the stream water is an accurate representation of the
groundwater that feeds the stream, in that it has not been affected by outside processes (i.e. input
constituents from runoff). If these assumptions are true and denitrification is occurring, it would
be found that areas of the stream fed by: a) the overlying carbonate aquifer which would show
high concentrations of nitrate b) the water that had flowed through the Decorah Formation would
have less nitrate than the water upstream; and c) groundwater whose source is the St. PeterPrairie du Chien-Jordan "protected" aquifer would have the lowest nitrate concentrations
compared to the overlying carbonate aquifer.
The nitrate concentrations did decrease from upstream to downstream from 2.0lppm to
0.94ppm in the groundwater samples taken in August 2008. Water analyzed from this study site
at the same location provided different results during the August 2008 and October 2008 tests.
Nitrate concentrations in the wells remained similar between the two collection dates, however,
water collected furthest upstream for the October 2008 testings had a nitrate-nitrogen reading of
l .37ppm, while the next two water collection sites downstream had nitrate-nitrogen
concentrations of l .99ppm. The proceeding three samples: E, C and B tested in October had
values of l.97ppm, l.88ppm and l.41ppm of nitrate-nitrogen, respectively. These results,
though showing a minimal decrease in nitrate-nitrogen concentration, weakly support the
presence of denitrification.
The low concentration of nitrate upstream relative to the nitrate concentration
downstream shown in the October data presents a challenge to interpretation and therefore
weakens the argument for denitrification when compared to the August data. Although the
nitrate concentration showed a decrease of2.0lppm to 0.94ppm in the August stream samples,
this is not significant when compared to other studies such as those by Jones, 2005, and Korom,
2008, where the decrease in nitrate concentration was one to two orders of magnitude larger than
that found in this study.
The results of the water analysis from this study show that the nitrate concentration in the
wells was lower than in the stream, thus supporting claims of denitrification.
If denitrification was occurring, the nitrate concentrations would be less in the middle
well than in the upper well, because the groundwater in the middle well would have flowed
through more of the Decorah Formation, having a longer time of opportunity to encounter
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electron donors and allow for denitrification to occur. Groundwater samples taken in August
from these two wells do not support denitrification, because the concentration of nitrate was
higher in the middle well than from the upper well, 0.15ppm and O. l 4ppm respectively. It is
important to note that these values fall below the calibrated detection curve. Denitrification is
supported by the concentrations of nitrate found in the groundwater samples taken from the wells
in October. In October, the middle well had a nitrate concentration less than that of the upper
well, 0.16ppm and O. l 9ppm respectively, therefore we can say that comparing the concentration
of nitrate in the middle well to that in the upper well was inconclusive in supporting or not
supporting the hypothesis of this study.
Chlorine
Chlorine concentrations ranged from 24.8ppm to 50. lppm. In general, the lowest
concentrations of chlorine were found in the wells as compared to the stream.
Bromide
Bromide values ranged from below detection (<O.Olppm) to 0.24ppm. All values of
bromide, except the one sample collected in August near an Oak Tree ("Sample F") having a
value of 0.24ppm, fell outside of the calibrated range of values as determined by analyzing
standards of known bromide concentrations. Bromide was below detection in the upper well for
both sampling dates, but bromide concentrations were 0.04-0.07ppm in the middle well.
Bromide concentrations were expected to be in this range; bromide is not naturally occurring in
high amounts. Bromide is often added to groundwater systems by investigators to serve as a
tracer, because it is not highly reactive; bromide will not impact the natural geochemistry of the
groundwater in which it is added. In this study, bromide was analyzed because it was a part of
the suite of chemicals analyzed. Sulfate concentrations ranged from 13.01 ppm to 38.11 ppm for
both sampling dates. The lowest concentration, 13.01 ppm of sulfate, was found in the upper
well and the highest concentration, 38.11 ppm of sulfate, was found in the middle well. The
difference in the values of sulfate concentrations indicates denitrification because sulfate is a
product of pyrite oxidation (Korom, 1992).
The data from this study does not strongly indicate denitrification. Ultimately,
denitrification is occurring because: 1) electron donors are present, if even in small amounts,
and 2) concentrations of nitrate along a stream decrease down the stream as the source of the
groundwater feeding the stream changes. However, based on the data gathered by this study,
denitrification is not a significant nitrate removal process at the study site.
The results of the water analysis are presented in table format in Figure 6.

Conclusions
Based on the data gathered by this study, denitrification is occurring but is not a
significant nitrate removal process at the study site.
This study was limited in scope. Some of these limitations were related to available
financial resources to perform additional analyses and install additional sampling wells. The
installation of deeper wells is much more costly than the hand-augered wells used in this study.
Deeper wells would most likely have provided better quality samples, and a more permanent
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sampling site at which continuous measurements of water parameters could be made.
Additionally, this study only included two sets of samplings.
Future studies could include more frequent samplings over a longer period of time than
the time available for this study. Future work might include the installation of an in situ
mesocasm in which water of known chemical make-up is injected into the mesocasm installed at
the same location where a screen is installed in a sampling well, samples are taken and
constituent concentrations measured and compared over time. The use of an in situ mesocasm
could provide for a determination of the rate of denitrification. Samples from locations which
have been verified as Decorah Formation would most accurately serve as standards against any
field study site where the lithology is not verified. Additionally, the installation and use of
groundwater monitoring wells that transect a groundwater gaining stream to see how the
concentrations of nitrate changes as groundwater flows horizontally through the Decorah
Formation would be useful and provide the most reliable data.
Future research may include the following: determining the rate of denitrification,
choosing to examine evidence that could support denitrification such as nitrogen isotope ratios,
and installing multilevel monitoring wells to determine how denitrification varies with depth.
Mineralogical studies using X-ray diffraction and a scanning electron microscope would provide
information about the chemical make-up of the specific samples and would allow for the
determination of the specific form of sulfur, i.e. pyrite.
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Appendices
Figure 1. Difference in Nitrate Concentrations Between the Upper Carbonate Aquifer and the Lower Aquifer
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Figure 2. Illustration of Study Site Showing Sampling Locations
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Figure 2. (continued)
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Figure 2. (continued) Illustration Key
Ill ustrat10n Key
1 B Runoff Pond
2 C Limestone Falls
3 E Stream up from Low Well
4 F Big Oak
5 I y-fork
6 Middle Well
7 Upper Well
8 Upstream from Top Well
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Figure 3. Study Site Location
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Figure 4. Distribution of Grain Size
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Figure 5. Results of Sediment Analysis
Sediment A.naly::::1:::: ( a:::: percent weight)
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0 101 0.010 - 0.003
S2
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